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ABSTRACT 
A mathematical model was developed for estimating riverbed and levee ero-
sion rates based on the results of the Erosion Function Apparatus (EF A) test results of 
relatively undisturbed soil samples from several California river sites . The mathemat-
ical model for erosion estimates was written as a function of shear stresses. An alter-
native model was used to calculate riverbed and levee erosion rates as a function of 
channel flow velocity. It is shown that shear stresses imposed by small scale testing 
apparatuses, such as the EF A, can be significantly larger than those stresses observed 
in the rivers, for a given flow velocity. Therefore, a 'Site Factor' was developed to 
account for this difference in stresses, and still maintain the simplicity of a velocity-
based erosion model. The velocity-based erosion model can be used as a first order 
approximation to assess erosion rates under water current loads . Because the use of 
water velocity is less representative and leads to more uncertainties than using the 
shear stress, velocity based formulations should be used when shear stress estimates 
are not readily available. Results of the erosion analyses can then be used to develop a 
qualitative relative ranking of river banklberm and levee erosion susceptibility and 
failure potential. 
INTRODUCTION 
Historical erosion studies have concentrated in the evaluation of erosion pro-
tection. Because the final objective of most of these studies was to evaluate whether 
erosion was likely to occur, the findings and recommendation of these studied were 
generally of two types: selection of armor characteristics (e.g. , size and shape) to res-
ist the expected loads (wave andlor current) (e.g. , Hudson, 1974) or selection of site 
configurations to reduce the loads at the erodible location (e.g., Dean, 1977; 1991 ). 
This lead to recommendation which are, in general, able to predict whether erosion 
will or will not occur. 
The recognition that some erosion processes are beneficial, or too difficult to 
eliminate, led to the study of equilibrium profiles (e.g. , Swart, 1974). The objective 
was to estimate the equilibrium configuration of sediment transport for natural mate-
rials commonly encountered in the coastlines. As a result, the erosion rate of sandy 
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materials has been well studied, and predictions of sand erosion can generally be 
made. 
In recent years, an increased amount of research has been devoted to the study 
of the erosion processes in non-sandy materials (e.g., Aberle et aI. , 2006; Hanson and 
Simon, 2001.) . Two important types of failures have accelerated this interest: the rela-
tively large number of bridge failures as a result of scour (e.g. , Briaud et aI. , 2003), 
and levee erosion (e.g., Briaud, 2008). 
Evaluation of erosion rates requires the understanding of the loads to be ex-
pected in the field, as well as an understanding of the erosion resistance of the erodi-
ble materials. This paper presents a simplified procedure developed for the evaluation 
of levee erosion, based on readily available hydrodynamic and geotechnical informa-
tion of the levee systems, as well as the results of erosion rates of different materials, 
as measured in the lab . 
EROSION SCREENING PROCESS 
An Erosion Screening Process (ESP) was developed for the DWR Urban Le-
vee Geotechnical Evaluations (ULE) Program. The complete ESP consists of a 3 tier 
screening process, as presented in Huang et al. (2010). The analyses are completed 
with the objective of screening the levee vulnerability, and not as a design tool. 
Tier 1 consist of an evaluation of the levee geometry, fetch length, and histor-
ical geomorphologic performance. If a levee site fails any of the analyses steps in the 
first tier, or if its historical performance is deemed questionable, the site is evaluated 
using the second tier of risk factors. In the second tier, comparisons is made between 
the levee ' s surface material and river flow velocity and wave action for a given eval-
uation event. Field reconnaissance is performed to evaluate signs of erosion or unsta-
ble conditions, as well as assess the site 's vegetation. If a levee site fails any of the 
three tests in the second tier, it will be advanced to the third tier of factors for further 
study. On Tier 3, given an evaluation event, an estimate of the erosion potential on 
the waterside of a levee is made using an Erosion Calculation Spreadsheet. Based on 
the results of those analyses, the levee section is characterized as having: 
1. High erosion risk: The levee site is at immediate risk of an erosional failure 
during either a flood or a normal flow condition. 
2. Moderate erosion risk: The levee site is at risk for failure due to weaknesses, 
but no immediate threat of failure is apparent. 
3. Low erosion risk: Although a geometric deficiency has not been identified, 
there is either little threat from wind-wave impact and no evidence of his tor-
ical erosion problems, or the levee' s surface material appears adequate to 
resist velocity and wave loads. 
This paper focuses on two alternative approaches to the calculation of erosion 
rates for Tier 3 of the erosion assessment. The overall methodology for the erosion 
potential was developed for the U.S. Anny Corps of Engineers (USACE) in a risk 
assessment toolbox (URS, 2007). The methodology currently being implemented 
builds upon knowledge gained from both previous and concurrent erosion studies 
conducted by Ayres Associates, USACE, and others. It further adds factors like wind 
and vegetation. 
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In essence, for Tier 3, the erosion potential assessment is conducted using six 
pieces of information: 
I. Levee Geometry; 4. Annor Characteristics; 
2. Wind Characteristics; 5. Vegetation Characteristics and 
3. WaterlStreamlRiver Current Cha- 6. Soil Type 
racteristics; 
Erosion risks to riverine levees will most likely be due to a weakened levee 
cross section coupled with high flow velocity. In large, open bodies of water like a 
bypass, wind-wave damage is expected to be a dominant cause of erosion. 
EV ALVA nON OF FLOW INDUCED EROSION: ALTERNATIVE AP-
PROACHES 
Because of the complexity of the erosion process, the evaluation of erosion 
rates was simplified by developing soil erodibility categories. When a soil is identi-
fied in the field, absent erosion testing, it can be represented by one of the erosion 
categories. For this study, and in general agreement with previous studies (e.g., 
Briaud, 2008; Hanson and Simon, 2001), the following broad erosion categories and 
typical soils are used: 
Very Resistant: Cobbles 
Resistant: Gravel (GP-GW) 
Moderately Resistant: Clay (CL, CH, SC, GC) 
Erodible: Sand (SP, SM and mixtures) 
Very Erodible: Silt (ML) 
The classification system can be generally presented in terms of erosion rate 
as a function of velocity, or as a function of shear stress. Although the shear stress 
formulations is theoretically better founded, there are advantages to representing ero-
sion rates as a function of velocity, as it is often easier to rapidly assess a situation in 
terms of velocity. 
Stress-based formulation 
Several erosion studies have been performed in the past that focus on identify-
ing the erosion parameters and correlating those parameters to formulate an expres-
sion (i .e. , a physical model) for erosion rates (Hanson and Temple, 2001; Hanson and 
Cook, 2004). The governing equation (1) for this model is: 
i: =(k(T- Tc))>O (I) 
Where: 
k = erodibility coefficient or detachment rate coefficient (L3 /M-T) 
T = effective hydraulic stress on the soil boundary (MIL 2) 
Tc = critical shear stress (M/L2) i.e., shear stress at which erosion starts 
The erosion rate (i:) is a function of both hydraulic (T) and geotechnical (k, 
Tc) parameters. The effective hydraulic stress, T, mainly depends on the characteristics 
of the water-soil boundary, current/stream velocity and/or wind wave height and pe-
riod. Both k and Tc are functions of the engineering properties of the levee and the 
foundation materials. 
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The estimation of erosion rate due to shear stresses imparted to the levee and 
its foundation due to current/stream velocity requires information on the hydraulic 
parameters of stream velocity and water-soil interface roughness. Using the conven-
tional assumption of a logarithmic velocity profile (USACE, 1994), the average hy-
draulic shear stress due to currents (Ts) can be calculated using Equation 2. 
Ts = Y2 P fc v2 (2) 
Where : 
p = mass density of water 
fc = current friction factor (dimensionless) 
= 2(2.5(ln(30hlkb)- I)r2 (Danish Hydraulic Institute (DHI), 2006) 
Where : 
h = water depth 
kb = bed roughness 
v = flow speed 
Critical Shear Stress 
Erosion rates as a function of shear stress can be measured in the laboratory 
using one of several devices such as the Erosion Function Apparatus (EF A, Briaud et. 
ai, 2001 a and b). The critical shear stress, Tc, is defined as the shear stress correspond-
ing to a rate of erosion of 1 mmIhr in the EF A. While useful for analytical studies, 
this method is impractical for rapid surveys. 
Alternatively, the critical shear stress can be estimated using empirical corre-
lations between the critical shear stress and soil index properties. Several empirical 
correlations between critical shear stress (Tc) and soil index properties such as grain 
size, plasticity index and shear strength are available in the literature to estimate the 
value of Tc CURS, 2007). 
As previously mentioned, in order to simplify the analyses, erosion resistance 
of the levee and foundation material has been divided into five broad classes related 
to their ASTM classifications, as shown in Table I . The erosion calculations used 
these typical values for critical shear. The values shown in Table 1 are based on the 
experimental and field-testing results as reported by Briaud et al. (200Ia, 2003) and 
Hanson and Simon (2001). 
Table 1 Typical Values for Critical Shear Stress and Coefficient of Erodi-
bility of Soils 
Critical Shear Erodibility Coeffi-
Material ASTM Typical Soil Types Stress, "t" psf cient, k, ft'/Ib-hr (Pa) (m'/kN-hr) 
LeveelFoundation Material 
Very Resistant Boulders and Cobbles 4.869 (233) 0.005 (0.0318) 
Resistant Gravel (GP-GW) 1.058 (50.7) 0.021 (0.134) 
Moderately Resistant CLAY (CL, CH, SC, GC) 0.094 (4.50) 0.094 (0.598) 
Erodible SAND (SP, SM and mixtures) 0.014 (0.670) OA09 (2.60) 
Very Erodible SILT (ML) 0.003 (0 .144) 1.867 (11.88) 
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Erodibility Coefficient 
One method to estimate the coefficient of erodibility, k, used in Equation I, is 
by perfonning the jet index test (ASTM D 5852). However performing site-specific 
tests will be impractical for rapid assessment of conditions. 
Therefore, in a manner similar to the method used to evaluate critical shear 
stresses, to simplify the analyses, erodibility of the levee and foundation materials has 
been divided into five broad classes related to the material's ASTM classification, as 
shown in Table I. The erosion calculations used typical values for erodibility coeffi-
cients. The values, presented in Table 1, are based on the experimental and field-
testing results as reported by Briaud et al. (200Ia, 2003) and Hanson and Simon 
(2001). 
Velocity-based formulation 
Several erosion studies have been performed in the past that focus on identify-
ing the erosion parameters and correlating those parameters to formulate an expres-
sion for erosion rates as a function of velocity (e.g. , Briaud, 2008). The governing 
equation (3) for this model is (a similar fonnulation can be developed for erosion rate 
as a function of shear stress): 
i=(V / VI)U (3) 
Where: 
V I = Velocity which would cause an erosion rate of 1 unit 
V = Site flow velocity 
a = slope of the erosion rate versus velocity (in log-log space) 
In this formulation, the erosion rate (i) is a function of both hydraulic (V, VI) 
and geotechnical (a , V I) parameters. As will be discussed later in this paper, it is not 
possible to assign a unique VI for a given soil type. In fact, VI is generally a function 
of the induced shear stress, and this is a function of mUltiple parameters (e.g. , see Eq-
uation 2). In fact, V I, mainly depends on the characteristics of the soil type, water 
depth, water-soil boundary, current/stream velocity and/or wind wave height and pe-
riod. 
Critical Velocity 
Erosion rates as a function of flow velocity can be measured in the laboratory 
using one of several devices such as the Erosion Function Apparatus (EF A, Briaud et. 
ai , 200la and b). The EFA critical velocity, Vc-EFA, is defined as the flow velocity 
corresponding to a rate of erosion of 1 mrnlhr in the EFA (with this definition and 
units, V I = Vc-EFA). 
Alternatively, the critical velocity can be estimated using empirical correla-
tions between the critical velocity and soil index properties . Several empirical correla-
tions between critical velocity (Vc-EFA) and soil index properties such as grain size, 
plasticity index and shear strength are available in the literature to estimate the value 
ofVc-EFA (e.g., Briaud, 2008). Figure 1 shows one such correlation, as presented by 
Briaud (2008). 
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SITE FACTOR 
The EFA device is calibrated using the Moody chart for estimating the shear 
stresses induced by the flow velocity: 
,= Ys'I'P ' V ~FA (4) 
Where/is the friction factor, p is the water mass density and VEFA is the EFA 
flow velocity. 
100000 
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Figure 1. Erosion Rate as a Function ofEFA Velocity (after Briaud, 2008) 
Because shear stress, rather than flow velocity, is one of the principal loads on 
the erodible material, in order to develop a velocity-based formulation for erosion 
rate, it is necessary to estimate the flow velocity which in the field would result in the 
same shear stresses as in the EFA. Therefore, the objective is to find the river flow 
velocity (v"' where the subscript h stands for depth) that, for a given material, causes 
the same hydraulic shear stresses as the EF A velocity (v EFA ) ' From Equation 2 and 4 
follows that: 
, -, => 1/ . f . P . V ' - II . f . P . v' 
,,- EFA / 2 c ,,- / 8 EFA EFA (5) 
It is possible to show that for the material properties (very erodible to very re-
sistant) and for depth between 5 em (EF A) and 30 m, the stresses calculated with the 
DRI equation (Equation 2) and Darcy' s friction formulae (Equation 4), the calculated 
hydraulic stresses are within approximately 10%. Therefore, to simplify the formula-
tion of the site factor, Equation 5 can be simplified as (Equation 5 can be used for a 
more rigorous formulation): 
, -, => 1/ . f . p. V ' - 11'1 . p . v' (6) II - £FA /8 II II - /8 EFA EFA 
Therefore: 
v EFA = ~ I" . v" = ~ , Where S is the site factor 
I EFA S 
(7) 
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For fully developed turbulent flow (it can be shown that for erosion practical 
cases, and in the EF A, most of the time this is valid), the turbulent portion of the Co-
lebrook equation can be used: 
_1_ = - 2 'IO<1(E/d) (8) 
.J7 0 3.7 
Where e is the bed roughness and d is the hydraulic diameter. Therefore, the 
friction factor can be calculated: 
1= [-2 .IOg( i.n r = [- 2· (log(E )-log(d)-log(3.7)W 
4·A ? · a ·b 
For a rectangular cross section pipe (like the EF A): d = - - = -=---( ) 
p a+b 
Where A is the cross-sectional area of the flow, and p is the wetted perimeter. 
For the EFA: 
d 2·101 .6111111·50.8111111 67 7 ~ fi = = . 111111:::: t (101.6111111 + 50.8111111) 4.5 
Therefore, the friction factor in the EF A is given by: 
1m = [- 2· {log(E )-log(d)-log(3.7)W = [- 2 · {log(E )-log(67.7111111 ) -log(3 .7)W ~ 
1m = [- 2· {log(E [111111]) - 2.4 }]-2 = [- 2 . {log(E [Jt])- 0.1 W (9) 
For the river: 
Several formulations can be used to estimate the shear stress for an open 
channel. As noted above, given the small differences in the calculated stresses, and to 
simplify the formulation of the Site Factor, S, the shear stresses for an open channel 
can be approximated with the Darcy' s friction formulae and the Colebrook equation 
(Equation 8). 
For simplicity of the calculations (this is not always necessary, and if needed, 
the hydraulic parameter can be more accurately calculated) assume a rectangular river 
section, for which the width is about twice the depth. For these conditions: 
d= 4·A = 4 · (2·h)·h = 8·h 2 =2.h 
P (2·h+h+h) 4 · h 
Therefore, the friction factor in the river can be estimated by: 
I" = [-2 . {log(E)-log(d)-log(3 .7)W = [-2 · {log(E)-log(2. h)-log(3.7)W ~ 
(10) 
Site Factor, S: 
Combining Equations 9 and 10 into Equation 7, a simple formulation for the Site Fac-
tor can be obtained, as a function of material roughness, e, and channel depth, h: 
s= 11m = -2· 10g(E [111111]-2.4) -2 ~ 
'\ 1;, [-2.(log(E)-log(h)-0.9W 
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s- ~ fEFA _ log(.o [mm])-Iog(h [mm])-0.9 _ log(.o [ji]) - log(h [Ji]) - 0.9 (11) 
- ;;, - logk [ml11])-2.4 - log(.o [Ji]l-O.l 
Figure 2 shows calculated Site Factors for several idealized conditions. It can 
be observed, that if the material particle size is considered to be related to its rough-
ness (Briaud et. ai, 2001), then the site factor is between 1.S and about S for water 
depths between 3 m (-10 ft) and 30 m (100 ft). 
Site Factor, S 
River Velocity (Vh) causing the similar shear stress as EFA Velocity (V.FA) is: Vh = S' V.FA 
5.0 
I Silt 
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Figure 2. Proposed Site Factor, S, for Various Soil Types 
SITE SPECIFIC EXAMPLE CALCULA nON 
The following site-specific example is based on a known channel geometry and EF A 
test results obtained for the ULE Program during a soil sample testing program: 
1. 6 m (-20 ft) deep channel (approximately rectangular river section), 
2. Roughness of 1.Smm (-O.OOSft), appropriate for Silts and Clays, 
3. EFA results for Silts measured in the DWR program (Shewbridge et aI., 
2010): VI = 0.IS7 mis, a = 2.7 (Equation 3 and Figure 3 - Figure 3 shows 
EF A test results on Silt and Clay samples from the ULE Program) 
4. River velocity of3 mls (-IOftls). appropriate for the American river for the 
100-yr event. 
From Equation II, a Site factor is calculated as follows: 
S =) f£FA = log(.o [111m ])-Iog(h [mm ])- 0.9 = log(1.5) - log(6000)- 0.9 "" 2 
;;, logk [mm])-2.4 log(1.5)-2.4 
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Therefore, the EF A velocity that would result in the same stresses in the EF A 
sample as in the river bed can be calculated: 
v" 3m l s 
V EFA = - = -- = 1.5m l s '" 5flls S 2 
Using Equation 3 with the EF A results adjusted by the site factor, the erosion 
rate in the river, for this site-specific example, is calculated as 0.44 rnIhr (- I fi /hr) , 
compared to 2.9 m1hr (-lOftlhr) using Equation 3 with the EF A results directly, with-
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Figure 3. Example Erosion Rate Calculation with Site Factor Use 
(data from EFA results ofthe ULE erosion testing Program) 
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CONCLUSIONS 
A site factor to allow for the use of a velocity-based formulation for the calcu-
lation of erosion rates in the field was developed and presented. A site factor of 2 im-
plies that the river velocity must be twice the EF A velocity to cause the same shear 
stresses on the soil. A site factor (or other correction) is required if a velocity based 
formulat ion is used to estimate erosion rates in the field, based on laboratory test re-
sults. In fact, shear stresses imposed by the EF A for a given flow velocity can be 
more than an order of magnitude larger than the shear stresses imposed at the riverbed 
by the same flow velocity. Therefore, for a given flow velocity, velocity-based ero-
sion rates can be more than an order of magnitude larger in the EF A than in the field 
(specially for Silts) . 
Stress-based formulations for the erosion rate calculations do not require a site 
factor. Other factors further compounding the difference between EF A and river con-
dition may include riverbed cross-section (resulting in varying velocity profiles) and 
vegetation, which are not accounted for in the present formulation . 
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